Disturbances in lipid metabolism may play an important role in the onset of irreversible myocardial damage. To investigate the effect of ischemia and reperfusion on lipid homeostasis and to delineate its possible consequences for myocardial damage, Krebs-Henseleit-perfused, working rat hearts were subjected to various periods of no-flow ischemia (10 to 90 minutes) with or without 30 minutes of reperfusion. During ischemia, the rise in nonesterified fatty acids (NEFAs) was preceded by the accumulation of substantial amounts of glycerol, indicating the presence of an active triacylglycerol-NEFA cycle. The subsequent rise in NEFAs (from 0.25 to 1.64 /tmol/g dry residue wt after 90 minutes [means]) coincided with the reduction of ATP to values lower than 10 /xmol/g dry wt and the rise of AMP, a potent inhibitor of acyl-coenzyme A synthetase, to values exceeding 2 /unol/g dry wt, making the latter compound a good candidate to hamper the turnover of endogenous lipids during prolonged ischemia. Reperfusion resulted in an additional rise in NEFAs (up to 4.1 /tmol/g dry residue wt after 60 minutes of ischemia). Neither ischemia nor reperfusion resulted in significant decreases in the tissue content of triacylglycerols and the various phospholipids. During reperfusion recovery of stroke volume was still adequate at tissue NEFA levels thought to be incompatible with normal mitochondria! function. 37 A positive correlation (r=0.81) was found between NEFA content of reperfused hearts and cumulative release of lactate dehydrogenase during reperfusion. Accordingly it is concluded that 1) reperfusion results in additional changes in myocardial lipid homeostasis, 2) the accumulating NEFAs are compartmentalized, possibly at the cellular level, and 3) the accumulation of NEFAs is a sensitive marker for myocardial cell damage. {Circulation Research 1989;64:304-314)
D isturbances in membrane function might play an important role in the transition from reversible to irreversible cell damage during ischemia. '-4 The finding that substantial amounts of nonesterified arachidonic acid, a fatty acid predominantly incorporated into phospholipids, accumulate in oxygen-deprived cardiac tissue within 1 hour of ischemia 5 -7 suggests derangements in phospholipid homeostasis. Both an increased rate of deacylation, due to enhanced phospholipase activity, and a reduced rate of reacylation might contribute to the observed changes in phospholipid homeostasis. Acylcoenzyme A (acyl-CoA) synthetase, an enzyme involved in the reacylation process, requires ATP as cofactor and is inhibited by AMP and adenosine. 8 Therefore, the ischemia-induced changes in the tissue content of ATP, AMP, and adenosine might lead to impairment of the reacylation process. Limited information is available about the effect of reperfusion of ischemic cardiac tissue on intracellular lipid homeostasis. Recent findings indicate that reperfusion enhances the degradation of phospholipids, 9 and hence, exacerbation of myocardial damage might be anticipated.
Release of glycerol from ischemic tissue 10 " suggests degradation of endogenous triacylglycerols and, hence, a contribution of these lipids to the rise in nonesterified fatty acids (NEFAs). Others, however, reported increases in the myocardial content of triacylglycerols and suggested that this lipid pool acts as a reservoir for NEFAs extracted from the blood 12 or released from phospholipids. 13 It was the aim of the present study to investigate the effects of ischemia and reperfusion on myocardial phospholipid and triacylglycerol homeostasis and to delineate the relation, if any, between changes in myocardial lipid content on the one hand and hemodynamic recovery during reperfusion and cellular integrity, as measured by the release of myocardial enzymes, on the other. To this end, the contents of NEFAs and individual phospholipid species, including the plasmalogen forms and lyso-forms of phosphatidylcholine and phosphatidylethanolamine, were measured in isolated, working rat hearts after various periods of global ischemia and reperfusion. Triacylglycerol homeostasis was assessed by measurement of the tissue content of triacylglycerols, glycerol-3-phosphate, and glycerol. The myocardial contents of ATP, AMP, and adenosine were assessed to delineate the possible role of these substances in the impairment of lipid homeostasis.
Materials and Methods

Heart Perfusion
Male Lewis rats (250-320 g) were mildly anesthetized with diethylether. After thoracotomy, the hearts were excised and placed in ice-cold perfusion buffer. Lung and fat tissue were removed after contractions had ceased. Immediately after preparation, the aorta was cannulated and the heart was perfused according to the method of Langendorff. Perfusion pressure was adjusted to 8.0 kPa. The perfusion medium consisted of a modified Krebs-Henseleit bicarbonate buffer (millimolar concentration: NaCl 130.0, KC1 5.6, CaCl 2 2.2, MgCl 2 1.0, NaH 2 PO< 1.2, and NaHCO 3 28.6), containing glucose (11 mM) and pyruvate (5 mM) as substrates, and was continuously gassed with 95% O 2 -5% CO 2 (pH 7.4, 37° C). After cannulation of the left atrium, a catheter connected to an external pressure transducer (CTC, Inglewood, California) was inserted into the left ventricle through the apex. The hearts were allowed to stabilize for 10 minutes. Subsequently, the hearts were perfused as isolated, assisted working hearts at a left atrial filling pressure of 1.0 kPa and a diastolic aortic pressure of 8.0 kPa. Aortic pressure was measured at the entrance of the aortic cannula, with a catheter connected to an external pressure transducer (CTC). Under control conditions, the impedance of the aortic cannula resulted in an aortic pressure pulse of about 4.5 kPa. Mean aortic flow was measured with a flow probe connected to a sine-wave electromagnetic flowmeter (Skalar, Delft, The Netherlands). Coronary flow rate was measured by timed collection of the coronary perfusate that dripped from the heart. Left ventricular developed pressure was defined as the difference between left ventricular systolic and end-diastolic pressure. Cardiac output was assessed by adding aortic flow and coronary flow.
Experimental Protocols
In one series, the working hearts were freeze clamped after 30 minutes of perfusion (preischemic values, n=9). In five other series after 30 minutes of control perfusion, the hearts were subjected to various periods of no-flow ischemia. The experiments were terminated by freeze clamping the tissue after 10, 30, 45, 60, or 90 minutes of ischemia (n=6-8 for each series). In separate series of experiments, the hearts were reperfused for 30 minutes after 30 («=4), 45 (n=8), or 60 («=16) minutes of ischemia. The hearts were perfused retrogradely (perfusion pressure 8.0 kPa) during the first 5 minutes of reperfusion and antegradely thereafter. In a subset of experiments, hearts were subjected to 60 minutes of ischemia followed by 5 minutes of reperfusion (n=6).
Biochemical Analysis
At the end of the experiments, ventricular tissue was dissected free and immediately frozen between aluminum clamps cooled in liquid nitrogen. The coronary perfusate was collected and sampled during the experiments. Tissue and effluent samples were stored at -80° C until analysis.
Myocardial lipids. Part of the deeply frozen tissue (100-200 mg) was pulverized with a stainless steel pestle and an aluminum mortar, both cooled to the temperature of liquid nitrogen. Myocardial lipids were extracted as previously described. 514 Basically, the tissue powder was extracted twice with chloroform/methanol according to Folch and colleagues. 13 After extraction, the tissue residue was evaporated to dryness at room temperature overnight and subsequently at 80° C for 1 hour, and the residue was weighed. The myocardial content of lipids was expressed in moles per gram dry residue weight. The lipid extract was applied to a silica-gel column and in a stepwise manner, was eluted to separate nonpolar lipids, such as NEFAs and triacylglycerols, and polar lipids. 16 Each lipid fraction was further separated by thin-layer chromatography. The procedures for the separation and quantification of NEFAs and triacylgylcerols have been described in detail. 514 The polar lipid fraction was separated into the various phospholipid subclasses by one-dimensional thin-layer chromatography modified after Shaikh and Downar. 17 To this end, the plates were developed with chloroform/methanol/ acetic acid/water (75:60:10:6 vol/vol/vol/vol). This resulted in adequate separation of phosphatidylcholine (PC), phosphatidylethanolamine (PE), sphingomyelin (SPH), diphosphatidylglycerol (or cardiolipin, DPG), lysophosphatidylcholine (LPC), and lysophosphatidylethanolamine (LPE). In most cases, phosphatidylserine (PS) and phosphatidylinositol (PI) were poorly resolved and therefore treated as one spot.
After spraying with fluoresceine the lipid spots were visualized with ultraviolet light and scraped from the plate. The various phosphblipid fractions were eluted from the silicagel with chloroform/ methanol/water (5:5:1 vol/vol/vol), and the solvents were subsequently evaporated to dryness (at 45° C under a stream of nitrogen). The phospholipids were redissolved in 1.0 ml of chloroform/methanol/water (16:8:1 vol/vol/vol; the water contained 0.05 M NaCl). Part of this solution was withdrawn and used for the determination of lipid phosphorus (modified according to Bartlett 18 ). The remaining part was used for gas-liquid chromatographic analysis of the fatty acyl composition. The fatty acid and fatty aldehyde moieties were transmethylated, according to Morrison and Smith. Subsequently, the fatty acid methylesters and dimethylacetals were separated by thin-layer chromatography using toluol as developing solvent. The corresponding spots were eluted with chloroform, evaporated, and redissolved in isooctane. The fatty acid methylesters and dimethylacetals were analyzed by gas-liquid chromatography as previously described.
Adenine nucleotides, adenosine, glycerol-
3-phosphate and glycerol. Analysis of adenine nucleotides and adenosine was performed in the neutralized perchloric acid extract of small aliquots of freeze dried tissue (5-10 mg). ATP, ADP, AMP, and adenosine were separated and determined by reversed phase high-performance liquid chromatography (Lichrosorb RP-18 column) by gradient elution and ultraviolet detection, as described by Wynants and van Belle. 20 Glycerol-3-phosphate and glycerol were measured fluorometrically according to Laurel) and Tibbling. 21 The latter procedure was also used to determine glycerol in effluent samples.
Lactate dehydrogenase. Lactate dehydrogenase (LDH) activity in the coronary effluent was measured spectrophotometrically according to Bergmeyer and Bernt. 22 
Statistics
Results are expressed as mean values and standard deviations (mean±SD). Differences within groups were analyzed for significance using Wilcoxon's rank sum test for paired data. Differences between groups were analyzed with Dunn's multiple comparison procedure based on the Kruskal-Wallis one-way analysis of variance. 23 Values of p<0.05 were considered statistically significant. Linear regression was performed with the least-squares method. The Spearman rank correlation coefficient (rj was used to estimate the strength of the relation between two variables.
Results
Ischemia
Adenine nucleotides and adenosine. The decrease in ATP content in acutely ischemic tissue was gradual ( Figure 1 ). Degradation of ATP resulted in a transient increase in ADP (not shown in figure) . Maximum levels of ADP were measured after 10 minutes of ischemia (8,1 ±0.5 /xmol/g dry wt; i.e., 150% of normoxic value). Subsequently, ADP also gradually declined reaching a value of 3.1 ±1.3 .mol/g dry wt after 90 minutes of ischemia. The AMP content doubled within the first 10 minutes of ischemia, remained relatively constant from 10 to 45 minutes of ischemia, and gradually increased again thereafter. During the first 45 minutes of ischemia, the tissue content of adenosine gradually rose from 0.1 ±0.1 to 2.5±0.6 fimoVg dry wt and remained constant thereafter. Nonesterified fatty acids. NEFAs started to accumulate in the oxygen-deprived tissue after 45 minutes of ischemia, when ATP was already reduced to 36% of its preischemic value ( Figure 1 ). The onset Values are given in nanomoles per gram dry residue weight and presented as mean±SD of six to 10 experiments. The individual nonesterified fatty acids are denoted by their chemical notation.
*Significantly different from the preischemic tissue content (p<0.05).
of NEFA accumulation coincided with the secondphase increase in AMP and occurred when adenosine had reached its maximal tissue level. After 60 minutes of ischemia, NEFA content had increased more than fourfold and continued to increase during the next half hour. The contribution of the individual fatty acids (referred to by their chemical designators) to the rise in total NEFAs during ischemia was variable ( Table  1) . During the first 30 minutes of ischemia the tissue content of C20:4 and C22:6 gradually decreased, whereas the content of C16:0, C18:0, and C18:1 tended to rise. From 30 to 90 minutes of ischemia, the average tissue content of C16:0, C18:0, C18:1, and C18:2 significantly increased. During this period, C20:4 and C22:6 also started to rise.
Phospholipids. The tissue content of total and individual phospholipids did not change during 90 minutes of ischemia (Figure lb, Table 2 ). The content of the plasmalogen form of PC and PE remained also unchanged (Table 5 ). However, the myocardial content of LPC increased significantly during the last period of ischemia (i.e., from 60 to 90 minutes of ischemia). The average tissue content of LPC rose from 0.70 (preischemic value) to 1.06 /xmol/g dry residue wt, a 51% increase. The myocardial content of LPE tended to increase, but this change did not reach the level of significance.
Triacylglycerols, glycerol, and glycerol-3-
phosphate. The average tissue content of triacylglycerols of hearts freeze clamped after various periods of ischemia varied considerably but was not significantly different from the preischemic value ( Figure lb) . The relative fatty acid composition of triacylglycerols also did not change throughout the ischemic period (data not shown). After 30 minutes of ischemia, the myocardial content of glycerol had increased almost fivefold ( Figure 2 ). From 30 to 60 minutes of ischemia, glycerol continued to increase to an average value of 5.1 (imoUg dry wt. Concomitantly, an increase in the myocardial content of glycerol-3-phosphate, an essential substance for the synthesis of triacylglycerols, was observed ( Figure 2 ).
Reperfusion
Hemodynamic and electrical recovery. The effects of the duration of ischemia on recovery of stroke volume during reperfusion are shown in Figure 3 . Restoration of flow after 30 minutes of no-flow ischemia (upper panel) resulted in almost immediate and complete recovery of hemodynamic function. Left ventricular developed pressure was completely restored, and stroke volume recovered to 93.2% of its preischemic value on reperfusion. Reperfusion after 45 minutes of ischemia resulted in a, slightly less adequate functional recovery. At the end of reperfusion, left ventricular developed pressure and stroke volume had returned to 94.5% and 87.8% of their preischemic value, respectively. Hemodynamic performance of reperfused hearts subjected to 60 minutes of ischemia was severely impaired. Average recovery of left ventricular developed pressure and stroke volume amounted to 49.5% and 37.2% of the preischemic value, respectively. The degree of recovery varied substantially from one heart to another. Seven out of 16 hearts did not regain normal cardiac electrical activity at all and were subjected to alternating periods of tachycardia and ventricular fibrillation. Hearts with normal electrical activity and stable rhythm recovered to a moderate extent (88.0% and 66.2% recovery of left ventricular developed pressure and stroke volume, respectively).
Adenine nucleotides and adenosine. The tissue content of adenine nucleotides remained depressed after 30 minutes of reperfusion following 30, 45, or 60 minutes of ischemia (Table 3 ). In each series ATP content partially restored at the expense of the contents of ADP and AMP. At the end of reperfusion AMP (Table 3 ) and adenosine (data not shown) contents had returned to their preischemic values.
Nonesterijied fatty acids. Reperfusion was associated with a rise in myocardial NEFA content (Figure 4 ). The NEFA content increased in reperfused hearts previously exposed to 30 minutes (NS) or 45 minutes of ischemia (p<0.05). The rise of NEFAs during reperfusion was very pronounced in hearts subjected to 60 minutes of ischemia followed by 30 minutes of reperfusion. As compared with the hearts rendered ischemic for 60 minutes, the content of NEFAs in hearts reperfused during 5 minutes after 60 minutes of ischemia tended to increase (1.06±0.39 and 1.61+0.77 /imol/g dry residue wt, respectively). The NEFA content, however, was still substantially lower than the NEFA content of hearts reperfused for 30 minutes after this period of ischemia (4.13±2.11 /imol/g dry residue wt). The data shown in Table 4 demonstrate that 30 minutes of reperfusion after 60 minutes of ischemia gave rise to significantly higher tissue NEFA levels than 90 minutes of uninterrupted ischemia (4.13±2.11 and 1.64±1.22 /xmoVg dry residue wt, respectively). The percentage contribution of individual NEFAs to the total NEFA content in cardiac tissue during ischemia and reperfusion is shown in Table 4 . The percentage contribution of individual NEFAs in hearts subjected to 60 minutes of ischemia followed by 30 minutes of reperfusion and hearts rendered ischemic for 90 minutes was comparable. The contents of NEFAs of fibrillating and nonfibrillating hearts reperfused for 30 minutes after 60 minutes of ischemia were not statistically different (Table 6) .
Phospholipids. The tissue content of the major phospholipid subclasses, such as PC and PE (both the diacyl and plasmalogen forms), PI+PS, and DPG and SPH, were not affected by reperfusion for 30 minutes after 30, 45, or 60 minutes of ischemia ( Table 5) . No change was observed in the tissue level of LPC in reperfused hearts (Figure 4) . In contrast, the myocardial LPE content was found to increase during reperfusion following 60 minutes of ischemia. In hearts reperfused for 30 minutes after 60 minutes of ischemia, tissue levels of LPE were almost twice the value measured after 60 minutes of ischemia ( Figure 4 ). No relation was found between the tissue content of LPC and LPE on the one hand and the electrical behavior of the reperfused hearts on the other (Table 5) .
Triacylglycerols, glycerol, and glycerol-3-phosphate. At the end of 30 minutes of reperfusion following 30, 45, or 60 minutes of ischemia the tissue content of triacylglycerols and the relative fatty acid content were not significantly different from preischemic values (data not shown). During the first 10 minutes of reperfusion after 60 minutes of ischemia substantial amounts of glycerol were released from the previously ischemic heart into the coronary effluent. Thereafter, glycerol release returned to preischemic values, that is, about 2 nmol/min/heart. After 60 minutes of ischemia the cumulative release of glycerol during reperfusion amounted to 0.79±0.12 /nmol/heart. At the end of reperfusion, the tissue contents of glycerol-3-phosphate and glycerol had reached their preischemic values ( Figure 2) .
Lethal cell damage. To assess the extent of myocardial cell damage the release of LDH into the coronary perfusate was measured during reperfusion. After 30, 45, and 60 minutes of ischemia LDH release reached maximum values during the first 10 minutes of reperfusion and thereafter rapidly declined to near normal values. Cumulative release of LDH was related to the duration of the preceding ischemic period and amounted to 3.5± 1.0, 9.7±2.5, and 22.0±7.5 units per heart per 30 minutes of reperfusion after 30,45, and 60 minutes of ischemia, respectively. Since the average LDH content of the hearts studied was 350 units per heart, these LDH release values indicate that 1.0%, 2.7%, and 6.2% of all myocytes lost their cellular integrity after 30, 45, and 60 minutes of ischemia, respectively. The occurrence of prolonged fibrillation during reperfusion after 60 minutes of ischemia did not affect LDH release (on the average 22.0 and 21.9 units per heart during 30 minutes of reperfusion for fibrillating and beating hearts, respectively). 
Discussion
Lipid Changes During Ischemia
The findings in the present study indicate that the NEFA content of normoxic, isolated rat hearts is very low. The rise in the tissue content of total NEFAs during ischemia is a rather late phenomenon, preceded by a substantial decline in the tissue content of ATP. In the present experimental set-up, a potential role of exogenous fatty acids as a source of accumulating NEFAs can be excluded. Therefore, only net degradation of endogenous lipids, such as triacylglycerols or phospholipids, has to be considered as a cause of the rise in NEFAs during myocardiai ischemia.
The present findings indicate that triacylglycerol homeostasis is affected during the initial phase of ischemia because a substantial amount of glycerol accumulates in the oxygen deprived tissue within 30 minutes after cessation of flow ( Figure 2 ). Since no measurable changes in the content of triacylglycerols and total NEFAs occurred during the same period, the rates of hydrolysis and synthesis of triacylglycerols must be in equilibrium. Enhanced triacylglycerol-NEFA cycling is most likely caused by mass action of glycerol-3-phosphate, the content of which significantly increases in ischemic tissue (Figure 2) . The observed pattern of changes in the myocardiai content of individual NEFAs, that is, the increase of the more saturated NEFA species relative to polyunsaturated species (Table 1) , during the first 45 minutes of ischemia is also in favor of an increased metabolic activity of the triacylglycerol pool during the initial phase of ischemia.
To illustrate the extent of cycling, the amount of glycerol accumulated in cardiac tissue made ischemic for 30 minutes corresponds with 20% of the total amount of glycerol incorporated in the cardiac triacylglycerol pool. The cycling of triacylglycerols is associated with the consumption of considerable amounts of ATP required for the activation of NEFAs to form acyl-CoA and subsequent reesterification. The consumption of ATP in this "futile" cycle will undoubtedly accelerate the depletion of ATP in the oxygen-deprived tissue and impose additional metabolic stress to the jeopardized tissue. In contrast to the present findings, Burton and coworkers 13 showed that triacylglycerol levels rapidly increase during no-flow ischemia. The obvious discrepancy between their observations and ours is incompletely understood.
During prolonged ischemia (i.e., more than 45 minutes) NEFAs accumulate in the affected tissue, which could result from incomplete triacylglycerol cycling. The absence of a measurable decline in triacylglycerol content in the presence of a rise in NEFAs can be explained by the fact that the amount of accumulating NEFAs corresponds with less than 5% of fatty acids incorporated in the triacylglycerol pool. It is difficult to detect such small changes in this pool with the accuracy of the assay techniques presently available, especially because the interindividual variation in triacylglycerol content is very large. Therefore, the absence of a significant decline in the triacylglycerol content does not imply that triacylglycerols are not involved in the accumulation of NEFAs.
An alternative source of NEFAs accumulating in the ischemic cells are endogenous phospholipids.
Our results indicate that the rise of NEFAs is not associated with a measurable decrease in the myocardial phospholipid content. Other studies have shown that phospholipid depletion is only significant after prolonged ischemia of more than three hours. 242i Circumstantial evidence that phospholipids are involved in the accumulation of NEFAs during oxygen deprivation is derived from the finding that arachidonic acid, which is mainly esterified into phospholipids, contributes considerably to the total rise in NEFAs. 5 -7 -2 In agreement with other studies, 61728 small amounts of lysophospholipids were found to accumulate in ischemic tissue. Assuming that NEFA accumulation is caused by phospholipid breakdown, the lack of substantial accumulation of lyso-phospholipids could be explained by lysophospholipase activity. Indeed, Gross and Sobel 29 and Nalbone and Hostetler 30 observed a high activity of lysophospholipase in cardiac tissue.
The mechanism involved in the putative degradation of phospholipids during myocardial ischemia is still a matter of debate. Deacylation of phospholipids could be increased by an enhanced phospholipase A 2 activity. Paradoxically, both increased 9 and decreased 31 phospholipase activity has been measured in tissue fractions obtained from ischemic hearts. In addition, the activity of acyl-CoA synthetase and lysophospholipid acyltransferase (measured in vitro) has been found to diminish during ischemia, 9 indicating that resynthesis of phospholipids might also be impaired. The present findings show that, in general, NEFA accumulation only occurs when ATP levels in the ischemic tissue are less than 10 /xmol/g dry wt and AMP and adenosine levels exceed 2 jimol/g dry wt ( Figure 5 ). Assuming an intracellular volume of 60% of total tissue volume and a dry-to-wet weight ratio of 0.2, these tissue levels correspond to concentrations of about 3.3, 0.7, and 0.7 mmol/1 intracellular fluid for ATP, AMP, and adenosine, respectively. Thus, in line with the findings of Gunn and coworkers, NEFA levels rise when ATP levels are well above the K m value (0.8 mM) of acyl-CoA synthetase for ATP. However, the apparent K, values for AMP and adenosine (0.2 mM and 0.1 mM, respectively, according to Van Tol and Huelsmann) are clearly surpassed, making the latter two substances good candidates to hamper acyl-CoA synthetase activity in situ and, hence, to promote accumulation of NEFAs during ischemia. Knowledge of the effect of ischemia on the NEFA to acyl-CoA ratio could be helpful in further substantiation of this notion.
Lipid Changes During Reperfusion
The present results indicate that in the isolated rat heart model reperfusion per se results in a significant elevation of the myocardial NEFA content. Comparison of the NEFA levels of hearts subjected to 60 minutes of ischemia and hearts subjected to 60 minutes of ischemia followed by 5 and 30 minutes of reperfusion, respectively, shows that the accumulation of NEFAs during reperfusion is gradual instead of being limited to the first minutes of reperfusion.
It seems as if futile cycling of triacylglycerols, as observed during ischemia, ends immediately after restoration of flow. This conclusion is based on the finding that the amount of glycerol released during reperfusion matches the amount accumulated in the heart just prior to reinstallation of flow. In line with this notion is the observation that glycerol-3-phosphate, accumulated in the tissue at the end of the ischemic period, does not contribute to postischemic release of glycerol. The accumulated glycerol-3-phosphate is most likely channeled into the glycolytic pathway since normalization of the NADH/NAD + ratio during reperfusion will relieve the inhibition of glyceraldehyde-3-phosphate dehydrogenase.
Circumstantial evidence indicates that phospholipids are the main source of NEFAs accumulating during reperfusion. If all arachidonic acid accumulated after 60 minutes of ischemia and 30 minutes of reperfusion (0.47 ^imol/g dry residue wt) is derived from triacylglycerols, the amount of arachidonic acid incorporated in the tnacylglycerol pool would have been reduced by 40%. This is obviously not the case since the amount of arachidonic acid incorporated in the triacylglycerol pool remains constant (1.16 and 1.24 ^.mol/g dry residue wt for preischemic and reperfused hearts, respectively). Despite the accumulation of large amounts of NEFAs during reperfusion after 60 minutes of ischemia, the tissue content of the various phospholipids is not significantly reduced, and only a relatively small increase in the myocardial content of lysophospholipids is observed.
Our results indicate that the reperfusion-induced rise in NEFAs occurs despite normalization of the tissue levels of AMP and adenosine. Therefore, as opposed to the ischemic situation, it is not feasible that NEFA accumulation during reperfusion is related to the putative inhibitory effect of these modulators on acyl-CoA synthetase activity. Several other mechanistic explanations have been offered with respect to the possible cause of enhanced phospholipid degradation during the reperfusion period. Calcium influx, resulting in the activation of phospholipases, has generally been suggested as the cause of increased hydrolysis of phospholipids during reperfusion. Hsueh and Needleman 33 and Das and coworkers 9 provided data, indicating that phospholipase A 2 activity is enhanced during reperfusion. The latter investigators also demonstrated that the activity of acyl-CoA synthetase and lysophospholipid acyltransferase, as measured under in vitro conditions, remained depressed during reperfusion.
Interestingly, NEFAs, the preferred substrates for cardiac energy production under normoxic conditions, continue to accumulate and are obviously not used as metabolic fuel after restoration of oxygen supply. Using radiolabeled fatty acids, Schwaiger and coworkers 34 also observed an impaired oxidation of fatty acids in reperfused dog cardiac tissue. In addition, it is conceivable that pyruvate, present in the perfusion medium, competes with NEFAs for free CoA 35 and, hence, inhibits mitochondrial /3-oxidation. Alternatively, accumulated NEFAs could be confined to a compartment from where the NEFAs are unavailable for eventual oxidation.
Lipid Changes and Myocardial Damage
The present findings indicate that the NEFA content of fibrillating hearts varies greatly (from 1 to 8 ^imol/g dry residue weight; see also Figure 6a ) and is not significantly different from hearts that resume spontaneous beating during reperfusion after 60 minutes of ischemia (Table 6 ). Besides, the tissue content of lysophospholipids, also known to predispose the heart to arrhythmias, 28 -36 is found to be comparable for fibrillating and nonfibrillating hearts (Table 6 ). Therefore, it is unlikely that elevated intracellular levels of NEFAs and/or lysophospholipids are responsible for the induction and maintenance of ventricular fibrillation during reperfusion.
To delineate the relation between tissue NEFA content and the ability to recover hemodynamically, the values of NEFA measured at the end of the 30 minutes reperfusion period were plotted . Relations between (a) tissue content of nonẽ sterified fatty acids (NEFAs) at the end of 30 minutes of reperfusion after 30, 45, and 60 minutes of ischemia and percentage recovery of stroke volume as measured at the end of the reperfusion period, and (b) tissue content of NEFAs of reperfused hearts and the cumulative release of lactate dehydrogenase (LDH) during 30 minutes of reperfusion. In Panels a and b the different symbols refer to paired data of individual hearts previously subjected to 30 minutes (•), 45 minutes (A), and 60 minutes of ischemia (9 and Ofor electrically recovering and fibrillating hearts, respectively), r,, refers to the r, value of all hearts examined, whereas x a refers to the r, value of hearts that were able to restore regular rhythm during reperfusion. *p<O.OI.
against the percentage recovery of stroke volume (Figure 6a ). When fibrillating hearts are excluded from the analysis a significant inverse relation (r,= -0.84) is found between the tissue NEFA content and recovery of stroke volume. Interestingly, Piper and colleagues 37 estimated, on the basis of experiments with isolated cardiac mitochondria incubated in the presence of NEFAs, that a tissue NEFA content greater than 10~7 mol/g wet wt (i.e., greater than 0.5-1.0 jtmol/g dry residue wt) would be incompatible with normal mitochondrial energy production. The present findings indicate that mechanical activity is still present in hearts with a much higher NEFA content. Accordingly, it is likely that the NEFAs, accumulating during reperfusion, are not distributed homogeneously but are compartmentalized at either the cellular or the subcellular level.
A good correlation is observed between the content of NEFAs of reperfused hearts and the cumulative release of LDH during reperfusion ( Figure  6b ). Comparable linear relations are obtained whether or not fibrillating hearts are taken into account. So, the extent of NEFA accumulation is related to the extent of irreversible damage of cellular membranes. The amount of LDH released after 60 minutes of ischemia represents 6-7% of LDH activity of the heart, implicating that only a limited number of myocytes is lethally injured. It is tempting to speculate that the accumulation of NEFAs during reperfusion is confined to a limited number of irreversibly damaged cells. The concept of cellular compartmentalization could explain why high tissue levels of NEFAs are compatible with normal myocardial function. However, it does not provide an answer to the question of whether the lipid changes in this subpopulation of cells are the cause or only the consequence of irreversible cell damage. Apparently, during reperfusion NEFAs continue to accumulate at a time when LDH release is virtually completed. This could indicate that postischemic lipid changes reflect post-mortem changes in lethally damaged cells.
